THE RENAISSANCE OF LIGHT MICROSCOPY
The renaissance of the light microscope really refers to the incorporation of new technology into the basic instrument over the past 20 years. The word "renaissance" is an appropriate description, because on the one hand, it gives the impression of a rebirth or revival, but it also forges a connection to art. The Renaissance period was described as one of revived intellectual, artistic achievement, and enthusiasm. The images produced by today's light microscopes not only have scientific meaning, but they can also illuminate the breathtakingly beautiful forms of cells. They often adorn the covers of books and journals (including BioTechniques) and serve to draw attention to the research, often eliciting enthusiastic responses to it ( Figure 1 ). This is not to take anything away from the images of the past, and at least one cell biological journal continues to feature them for its cover art (3) .
The major components of the light microscope have remained unchanged over the years. Indeed, for some applications, older lenses have superior optics and are preferred to their modern counterparts. The more recent contributions to the renaissance include digital imaging systems, improved detectors (video cameras, charged-coupled devices, photomultipliers), filters (acousto-optic devices), light sources (lasers), and improved probes of biological activity [green fluorescent protein (GFP), quantum dots]. These improvements and their applications have been recently reviewed (5, 6) .
THE COMING OF AGE OF CONFOCAL MICROSCOPY
The emergence and subsequent evolution of confocal microscopy into a standard technique has epitomized the renaissance of light microscopy over the past 20 years. Marvin Minsky invented the confocal microscope almost 50 years ago specifically for studying neural networks in the living brain (7) . All modern confocal microscopes are based on his original idea, which was patented in 1957 (8) . However, the technology for the practical application of the confocal approach was not available to him at this time, and was only realized as a technique for biomedical research some 30 years later.
In Minsky's original design, the light source was a zirconium bulb, and scanning of the specimen was achieved by moving the stage. The image was built up on the screen of a military surplus oscilloscope. Images produced using the early microscope failed to attract attention, not because of the resolution achieved by the instrument, but because of the inferior quality of the output device.
Modern confocal microscopes are loaded with technological advancements. The light source is usually a laser, the scan-
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Stephen W. Paddock BioTechniques 35:1156 -1162 (December 2003 University of Wisconsin, Madison, WI, USA ning is achieved electronically under computer control, the filters are electronic, the detectors are sensitive photomultiplier tubes (PMTs) or charged-coupled devices, and the final image is either built up in a computer framestore, computer memory, or by a sensitive digital camera, and then displayed on a highresolution video monitor and recorded digitally. This results in virtually no loss of resolution along the imaging chain from the microscope to the final publication, especially as most journals are now available in a digital form on the web. Minsky's original design was a single-beam stage-scanning instrument. This design is now used for imaging larger specimens that do not move (e.g., microarrays or whole animal sections) (9) (10) (11) . An alternative to moving the specimen is to scan the beam across the specimen. This is the preferred method of scanning most biological specimens (especially living ones), because there is less chance of vibrations resulting in image deterioration. Micromanipulation is a practical option when the specimen is stationary.
There are two fundamentally different methods of beam scanning: multiple-beam scanning or single-beam scanning. The pioneer of multiple-beam technology was Mohimir Petran, who, like Marvin Minsky, was interested in imaging living growing nerve cells in the intact brain. His ingenious design, the tandem scanning reflected light microscope (TSM), incorporates a bright white light source and a modified Nipkow disc to scan the specimen with hundreds of points of light (12) . The disk spins rapidly and acts both as the point source and the spatial filter that prevents out-of-focus light from reaching the photodetector. The disk is designed with apertures that are matched on the excitation and emission side of the light path. The photodetector in this case can be the human eye or a sensitive video camera mounted on the microscope. Nipkow disc scanning microscopes that have evolved from the TSM over the years have greatly improved sensitivity for fluorescence. These instruments are now available commercially and have recently become popular for viewing cytoskeletal dynamics by fluorescent speckle microscopy (13, 14) .
The first practical single-beam scanning instrument for epifluorescence microscopy, the laser scanning confocal microscope (LSCM), was designed by John White and Brad Amos in Cambridge, England with the specific aim of imaging changes in cytoarchitecture of blastomeres during early embryogenesis of fluorescently labeled nematode embryos. The first two cycles of division were visualized relatively easily using conventional epifluorescence microscopy. However, images of later stages became uninterpretable because of glare from out-of-focus structures. When he investigated the confocal microscopes available to him at the time, White found that his options were limited. The technology consisted of the stage scanning instruments, which tended to be slow to produce images (approximately 10 s for one full frame image), and the multiple-beam microscopes, which were difficult to align and the fluorescence images were extremely dim.
White and his colleagues, by incorporating available technology (lasers, computer imaging systems, and related electronics) designed a LSCM for epifluorescence microscopy. This new LSCM along with images of various fluorescently labeled embryos captured with it was described in 1987 (15) , and the stunning images "enraptured the world's biological community with their exquisite and convincing illustrations of the power of the confo-BIOIMAGING cal laser scanning microscope" (16) . The LSCM has evolved into an instrument that has been applied to many different biomedical problems. The descendants of this microscope, together with several other LSCMs, are now available commercially.
The LSCM quickly found additional biomedical applications to critical confocal imaging. Many of these applications were made possible by the ability to control the scanning mirrors using the microcomputer. For example, the magnification could be changed by optically zooming using the same objective lens and with no loss in image resolution. This was achieved by decreasing the area scanned by the beam and thus allowing for a wide range of magnifications to a single objective lens. Furthermore, the scanning mirrors could be controlled to scan a line, a spot, or a shape onto the specimen for fine control of photobleaching or photoactivation, and more recently, for fluorescence resonance energy transfer (FRET), fluorescence lifetime imaging (FLIM), or fluorescence localization after photobleaching (FLAP) experiments (17) (18) (19) .
Serial optical sections (Z-series) could be collected by driving the fine focus of the microscope with a stepper motor and correlating image acquisition with the movement of the stage. Since there was no physical sectioning involved, and assuming that the specimen did not move during acquisition of the images, all of the sections were in perfect register. Since the Z-series files were in a digital form, it was relatively simple to export them to a 3-D reconstruction program for further analysis and display.
The LSCM has rapidly gained popularity for multiple label imaging, since the registration between the images collected at different excitation wavelengths is maintained. Two-color imaging using fluorescein and rhodamine probes was quickly achieved, along with the ability to merge a nonconfocal transmitted light image with the fluorescence images. Threechannel imaging is now relatively routine, using a mixed gas laser (or combinations of lasers) and a scanning head with three PMTs that are able to collect the three channels simultaneously (20, 21) . Over the past few years, there have been improvements made for imaging more than three probes in the same sample, and recent developments now allow the detection of 32 separate channels. This gives a finer control of bleed through between channels, improved rejection of autofluorescence, and the ability to separate probes whose emission spectra overlap (22) .
The current fashion is to call these kinds of data, Z-series, multichannel, and time-lapse data, "multidimensional." The number of dimensions has now reached five. These dimensions are the X, the Y, and the Z planes, together with time as the fourth dimension, and wavelength as the fifth dimension. Thus, timelapse series of Z-series of multichannel images are collected with the result that huge data sets are rapidly acquired (23, 24) .
LIFE AND DEPTH: MULTIPLE-PHOTON IMAGING
The early LSCMs were excellent at what they were designed for; namely, imaging fixed and fluorescently labeled specimens. The instruments had several drawbacks for researchers attempting to image deep into living samples. The early LSCMs were very wasteful of photons. It took a lot of laser light to produce an image, and the levels of light that were required to produce acceptable images were phototoxic to many living samples. A second problem was that the signal was attenuated when imaging deeper into the specimen, so that for many specimens, it was impossible to image below two or three cell layers without using damagingly high laser powers.
The phototoxic effects have been gradually reduced over the years by the development of more efficient systems-again by the incorporation of new technology-improved mirrors and more efficient detectors in tandem with the development of brighter and more photostable probes for living samples (e.g., GFP and DsRed) (25) . The second problem, that of imaging deeper into specimens, was inherent to the confocal approach. This has been greatly improved with the introduction of multiple-photon imaging (26, 27) . Using this technique, images can be collected from approximately twice the depth into the specimen as those collected using the confocal approach (28) . One of the attractions of the multiple-photon approach is that it uses the same scanning device as the confocal microscope, but a different laser: a rather expensive, yet effective, femtosecond-pulsed laser. Two-photon excitation can excite a fluorophore with a femtosecond time scale. This means that longer wavelength light can be used for the excitation, which for living cells, means less photodamage, and since the two-photon effect only occurs at the plane of focus, less photobleaching of the fluorescent probe. Moreover, longer wavelength excitation is used that can penetrate more deeply into biological tissues. Multiple-photon imaging is now chosen for many live cell applications (Figure 2) , and at least one of them has achieved the goals set by the early pioneers of the 1950s, Marvin Minsky and Mohimir Petran, of imaging living neurons in the adult brain (29-31).
There is a depth limit (around 100 µm, depending on the specimen) at which multiple-photon imaging is not practical. A recent approach taken to image much deeper into specimens, "all-optical histology" has used a femtosecond laser at low power (0.1-to 1.0-nJ pulses) for imaging and then at higher power (1.0-to 10.0-µJ pulses) to physically remove the imaged layer of tissue and then image the next layer at low laser power (32) . In this way, the entire depth of a mouse neocortex was imaged. Deeper imaging at micron resolution has also been achieved using magnetic resonance imaging (MRI), and this approach is becoming more useful with the development of specific probes that are visible using MRI (33, 34) .
WHICH MICROSCOPE?
There are now a great variety of choices available for producing optical sections of tissue. Along with confocal microscopes (single-beam scanning LSCMs or multiple-beam scanning Nipkow style) and multiple-photon microscopes, digital deconvolution of wide field images is also a practical option for collecting optical sections (35) . More recent methods include a device called the apotome (36) and microMRI (33, 34) .
There are two major advantages to using confocal microscopy in preference to conventional light microscopy for imaging fluorescently labeled specimens. The first is that the spatial filtering of the pinhole reduces the amount of glare from the specimen. In general, by reducing the diameter of BIOIMAGING the pinhole, the amount of specimen sampled is reduced, which gives a thinner optical section. There is an optimal pinhole size for every objective lens. The second major advantage of the confocal microscope is that image resolution is improved by a factor of two if the input and output apertures are both imaged as a diffraction-limited spot.
These factors vary with the objective lens and with the biological specimen. Generally, it is better to use a planapochromat objective lens with the highest possible numerical aperture and no phase rings. Some specimens (e.g., the flattened leading edge of a fibroblast growing in tissue culture and stained with a fluorescent dye) are not improved dramatically by confocal microscopy, whereas thicker specimens with significant 3-D structure (e.g., fluorescently labeled microtubules within multicellular embryos) can only be visualized using confocal microscopy.
Several studies have compared the performance of confocal, multiple-photon, and wide-field deconvolution microscopy on a variety of fluorescently labeled specimens (24, 37, 38) . The current consensus is that wide-field deconvolution is better for thin and relatively dim samples, whereas the LSCM and multiplephoton imaging are preferred for imaging thick and bright samples (e.g., whole mounts of tissues and embryos). The multiplephoton approach is preferred to confocal microscopy for imaging deeper into living tissues. The multiple-beam scanning confocal microscopes are good for imaging faster events at full resolution, whereas the LSCMs can be used for measuring fast events at low resolution. Several studies of living cells have combined the confocal and the deconvolution technique (13) . The bottom line is that the choice really depends on the application. However, practical aspects such as instrument availability, ease of use, and cost often determine the final choice of imaging system.
FUTURE CHALLENGES
The past 20 years of the development of light microscopy have been characterized by talented scientists who have developed instruments for solving specific biological problems (39) . Once the microscopes have become more widely available through commercial vendors, the instruments have usually found many additional applications to the intended one. These developments are eventually fed back into later models of the commercially available instruments. Most of the hardware has been imported from elsewhere, and progress has been accelerated by the development of new probes of biological activity, especially those for imaging living cells (40) (41) (42) .
The challenges of the future are many, and fashions are hard to predict, although most developments are directed towards experiments on living cells in situ (43) . Imaging events inside the living nucleus (44) (45) (46) remains as one of the greatest challenges some 50 years after Rosalind Franklin's infamous "Photograph 51" was collected (2) . Methods of integrating different microscopical techniques including electron microscopy will enhance such studies (47) . In fact, electron microscopy is in the process of its own renaissance (48, 49) with the development of improved fixation methods (fast-freezing) and image presentation (electron microscope tomography).
Modern microscopes very quickly produce large amounts of data, since hundreds of images can be acquired in a multidimensional experiment. Methods of dealing with such data sets are being developed, including the introduction of universal file formats and international image databases for sharing and comparing data from different laboratories around the world (50, 51) . One of the three embryos was transferred to an adult female who later produced "Laser" shown in (G) when she was 18 days old-a living testament to the improved viability capabilities of multiple-photon imaging. Reproduced with permission from Reference 31.
